Predicting the uncertainties of the ever-changing environment provides a competitive advantage for animals. The need to anticipate food sources has provided a strong evolutionary drive for synchronizing behavioural and internal processes with daily circadian cycles. When food is restricted to a few hours per day, rodents exhibit increased wakefulness and foraging behaviour preceding the arrival of food. Interestingly, while the master clock located in the suprachiasmatic nucleus entrains daily rhythms to the light cycle, it is not necessary for this food anticipatory activity. This suggests the existence of a food-entrained oscillator located elsewhere. Based on the role of nigrostriatal dopamine in reward processing, motor function, working memory and internal timekeeping, we propose a working model by which food-entrained dopamine oscillations in the dorsal striatum can enable animals maintained on a restricted feeding schedule to anticipate food arrival. Finally, we summarize how metabolic signals in the gut are conveyed to the nigrostriatal pathway to suggest possible insight into potential input mechanisms for food anticipatory activity.
| INTRODUCTION
"It is not the strongest of the species that survives, nor the most intelligent, but the one most responsive to change." Charles Darwin, (1809) Predicting the uncertainties of the ever-changing environment provides a competitive advantage for animals. Anticipating environmental changes such as daily and seasonal variations in food availability can optimize metabolic benefit while minimizing the risk of predation. As a result, there has been a strong evolutionary drive leading to the development of biological clocks that enable internal timekeeping by synchronization to the 24-hour rotation of the earth. Nearly all cells and tissues in the body act as circadian clocks that help coordinate physiological, biological and behavioural processes with their changing environment. In the case of feeding, physiological processes are engaged in preparation for digestion of an anticipated meal, while simultaneously increasing the motivation to forage and prepare for food. 1 These clocks are largely entrained by light, under the control of the master circadian oscillator located in the suprachiasmatic nucleus (SCN) of the hypothalamus. 2 However, at least in a laboratory setting, when food availability is restricted, animals will increase activity levels outside of normal wakeful hours in response to a predicted food source. Therefore, both light and food are capable of entraining circadian rhythms.
| ROLE OF THE SCN
The clock in the SCN is thought to be the master biological clock, entrained by light from the eyes via the retinohypothalamic circuit. 3, 4 It synchronizes internal biochemical processes to changing cycles of day and night to set temporal regulation of vital homeostatic functions. 2, [5] [6] [7] [8] [9] Therefore, the SCN clock performs the important function of setting internal rhythms according to predictable external environmental changes and prevents competing behavioural (ie wake/sleep) or cellular events occurring simultaneously. At the molecular level, circadian oscillation in the mammalian SCN is controlled by an interlocking feedback loop. 10 First, the transcription factors BMAL1 and CLOCK heterodimerize and bind to the E-box sequence in the promoter region of CRYPTOCHROME (CRY) and PERIOD (PER) genes to activate transcription. CLOCK and BMAL1 transcription is in turn inhibited by CRY and PER protein translation in a cycle oscillating at~24 hours. 11 The second half of the interlocking feedback loop involves the transcription factor Rev-Erbα and retinoid-related orphan receptor (ROR), which modulate BMAL1 transcription. 12 Depending on the organ, 3%-16% of all protein-coding gene are under the transcriptional regulation of clock proteins, 13 highlighting the importance of circadian oscillation in internal biochemistry and its impact on subsequent behaviours, including feeding. Disruption of circadian rhythms through lifestyle modifications in human subjects or clock gene mutations in animal models results in a clear association with obesity and diabetes. Acute sleep disruptions are sufficient to reduce glucose tolerance, 14 increase appetite and increase preference for palatable calorie-dense foods. 15 In addition, sleep restriction reduces circulating leptin levels while increasing ghrelin levels, resulting in an endocrine state favouring overconsumption of food. 16 Clinical studies investigating the role of chronic sleep disruption in individuals that suffer from insomnia or perform shift work show a significantly increased risk of metabolic disease. [17] [18] [19] Similarly, knockout mice with global loss of CLOCK or PER2 genes have disrupted circadian feeding patterns with increased susceptibility for diet-induced weight gain.
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3 | FOOD ANTICIPATORY
ACTIVITY
Under fed ad libitum conditions, the SCN appears to be the dominant oscillator controlling food intake in rodents, with most food consumed in the active (dark) phase of the light cycle. However, when animals are entrained for 3-4 days to a regular daily mealtime at an interval of 24 hours, they exhibit food anticipatory activity (FAA), [22] [23] [24] [25] [26] characterized by increased locomotor activity and food-seeking behaviours beginning 1-3 hours prior to mealtime. 26 FAA arises regardless of whether the entrained mealtime occurs during the light or dark phase, 22, 27 although it is most obvious in animals entrained to a mealtime during the inactive (light) phase because of the dramatic phase shift in activity and physiological signals. This suggests a yet undefined feeding-entrained oscillator (FEO) that is separate from and takes priority over the SCN clock under conditions where food is only available during regular, finite intervals. When returned to ad libitum feeding, the SCN reasserts circadian rhythmicity and rodents revert to primarily nocturnal food consumption. Subsequently, if animals are food-restricted again, even days or weeks later, FAA immediately reasserts at the previously entrained mealtime after a single exposure. 28, 29 Further supporting the distinction between the SCN clock and the FEO, animals exposed to heavy water for long periods of time lose circadian rhythmicity due to deuteriuminduced increase in the time constant, which prevents light entrainment, but retain FAA at an entrained mealtime. 30 Additionally, animals with SCN ablation or lacking the transcription factor BMAL1 can still be entrained to a regular mealtime. 22, 26, 31, 32 A similar expression of FAA has been observed in response to daily feeding of a palatable meal in SCN-ablated or mildly food-restricted hamsters 33 and mildly food-restricted rats. 34, 35 In summary, there are two pacemakers that normally act in concert to regulate daily rhythms of physiology and behaviour. The master clock in the suprachiasmatic nucleus entrains daily rhythms to the light cycles, while a second food-entrained oscillator promotes food anticipatory activity. The two can become dissociated when bouts of food become regularly available out of synchrony with the normal light-entrained wake cycles. Given that circadian food anticipatory rhythms persist in SCN-ablated rats and mice, it follows that a FEO must be located elsewhere.
| DMH NEURONS AS FEO
The source of the FEO in rodents remains unclear. Systematic lesioning studies have been unsuccessful thus far in identifying a single brain region that is responsible for FEO, leading to the idea that the FEO may be made up of a network of neuronal connections in different areas of the brain. Lesion studies have been undertaken throughout the hypothalamus, most notably the dorsomedial hypothalamic nuclei (DMH), due to its direct connections to and from the SCN, 36, 37 and its role in SCN-mediated circadian food intake, energy homeostasis and arousal. [38] [39] [40] Furthermore, the DMH exhibits food-entrained oscillations in clock genes, depending on the timing of the meal. [41] [42] [43] [44] [45] Rodent studies ablating the DMH, all or in part, have demonstrated conflicting effects on FAA. One study in rats that ablated cell bodies in the DMH but spared passing fibres showed a correlation between lesion size and attenuation of FAA. 38 However, several others observed intact FAA following total DMH ablation. 24, 39, 43, 46 In mice with fully ablated mediobasal hypothalamic regions including the DMH, ventromedial hypothalamus and arcuate nucleus, there was a total loss of FAA expression in response to a restricted light-phase meal. 47 The lack of consistent results suggests that, while the DMH may play a role in FAA, it may not be the primary arbiter of FEO. One explanation which might reconcile some of these results is the finding that the ventral portion of the DMH is most critical for FAA expression, because it contains GABAergic projections to the SCN, which are hypothesized to suppress normal circadian rhythms in favour of FAA when the oscillations of the FEO and SCN are in conflict. 48 Thus, it is plausible that there exists a subpopulation of neurons in the DMH responsible for FEO function.
| MIDBRAIN DOPAMINE NEURONS AS FEO
There is growing evidence that dopaminergic neurons in the midbrain play a role in FAA. There are two important clusters of dopaminergic neurons in the midbrain, localized in the substantia nigra and the ventral tegmental area that are critical for reward-based decision-making. These form two distinct circuits: (a) mesolimbic projections connecting the dopaminergic ventral tegmental area neurons to the nucleus accumbens and olfactory tubercle located in the ventral striatum and (b) the nigrostriatal projections connecting the dopaminergic substantia nigra pars compacta neurons to the caudate nucleus and putamen located in the dorsal striatum. Dopamine signalling through dopamine receptors (D1 and D2) in these regions is typically associated with reward processing, 49 motor function 50 and working memory. 51 Therefore, the possibility that these circuits may be involved in an activity-based, motivated behaviour that relies on remembering past events, such as FAA, makes intuitive sense. This is supported empirically by the fact that dopamine agonists and antagonists have opposing effects on anticipatory rhythms. FAA can be shifted by a single peripheral injection of a D2 receptor agonist 52 and can be attenuated by intraperitoneal injection of D1 and D2 antagonists. 53 Importantly, these two dopaminergic circuits are recruited in response to a range of reward stimuli. Palatable calorie-dense foods are potent rewards that release DA in both the dorsal and ventral striatum, 54 and in humans, the rise in dorsal dopamine increases proportionally to the pleasure associated with consumption of food. 55 The stimuli that activate these two circuits were recently dissociated in an elegant set of animal experiments. 56 Dopamine release in the dorsal and ventral striatum was measured, while animals licked a non-nutritive sweetener that triggered intragastric infusion of either the same solution or a caloric sugar. Using this paradigm, a rise in ventral dopamine occurred in response to licking irrespective of the intragastric solution, while dorsal dopamine was only elevated in response to intragastric caloric sugar, 57 suggesting that dopamine release in the ventral striatum is responsive to gustatory signals while the nigrostriatal dopamine circuit is recruited by metabolic signals. In support of this concept, irrespective of intragastric caloric value, licking a bitter solution prevents release of dopamine in the ventral striatum; conversely, dorsal striatum dopamine is released when paired with intragastric infusion of a caloric-but not a non-nutritive, or non-metabolizable-solution. 56 The preference for aversive, but nutritive, solutions was abolished when D1 neurons in the dorsal striatum were selectively ablated; conversely, optogenetic stimulation of D1 neurons in the dorsal striatum paired to licking increased licking for both sweet and bitter solutions. 56 This indicates that D1 neurons in the dorsal striatum are recruited by nutritive substances to produce motivated behaviour. It is interesting to note, as discussed below in more detail, that FAA also requires nutritive signals and forms independently of gustatory signals, 24 suggesting a prominent role for dorsal striatal dopamine release in the formation of FAA. Rhythmic dopamine release has been reported in the dorsal striatum, 58 peaking in the middle of the dark phase when rodents are most active and falling during the light phase as activity levels drop. 59, 60 Importantly, dopamine fluctuations in the dorsal striatum parallel the daily rhythm of clock gene PER2. [61] [62] [63] Depletion of dopamine by lesioning of dopaminergic projections to the dorsal striatum suppresses PER2 oscillations, which is rescued by dopamine agonists. 64 Dopamine regulation of clock genes in the dorsal striatum appears to be mediated by D1-receptor signalling as D1, but not D2, knockout mice have blunted PER2 expression rhythms in the dorsal striatum. 65 Neither the rhythmic release of dopamine nor dopamine-dependent oscillation of PER2 require light entrainment and prevail in SCN-lesioned animals. 64 In summary, dorsal striatal fluctuations can be dissociated from light entrainment. It has been reasoned that the FEO must be entrainable by food, but continue to oscillate at the same frequency in the absence of food, as FAA persists for days in restricted animals even in the absence of food at the anticipated time. 24 Dorsal striatal dopamine fluctuations may achieve this by controlling the length of ultradian rhythms. 66 Ultradian rhythms are short recurrent cycles that repeat multiple times throughout the day, typically lasting 4 hours. 67 These oscillations persist in the absence of the suprachiasmatic nucleus, 66 suggesting that they do not require light entrainment. Preventing dopamine reuptake in the dorsal striatum lengthens ultradian rhythm to 12 hours. 66 Conversely, methamphetamine administration, a stimulant that provokes a large release of dopamine in the dorsal striatum, and chemogenetic activation of dopamine neurons projecting to the dorsal striatum both prolong ultradian rhythms, with methamphetamine prolonging cycles up to 100 hours. 66 Phasic dopamine has a well-characterized role in reward prediction errors and therefore is an important signal for integrating temporal information about the time delay for a reward. 68, 69 Exogenous stimulation of dopamine signalling reduces the ability of rodents to perform timing behaviour. 70, 71 Interestingly, optically or chemogenetically overriding dopaminergic neuronal activity in the dorsal striatum alters time estimation, 72 linking dorsal striatal dopamine with internal timekeeping. The argument used against an interval timing mechanism is that animals fail to develop food anticipatory activity when daily meal onsets diverge excessively from 24 hours. 73 However, dopamine-induced interval timing have an intrinsic rhythmicity that cycles around 24 hours when entrained by a meal ( Figure 1 ) and would therefore likely fail to generate anticipatory activity if the subsequent arrival of food occurs outside of the window of time when dopamine levels are lowest. Altogether, these data support the concept that dorsal striatum dopamine is released in response to a nutritive meal, capable of being dissociated from canonical circadian rhythm, while providing a sense of time linked to reward that can be reinforced to ensure that the arrival of food is appropriately anticipated. Dopamine release in the dorsal striatum therefore exhibits all the hallmarks of a food-entrainable oscillator.
| PATHWAYS REQUIRED FOR FOOD-ENTRAINED ANTICIPATORY ACTIVITY
There is remarkable overlap between feeding signals that recruit dorsal striatum circuits and those that can function as zeitgebers to produce FAA. As described above, dorsal striatum dopamine is not released in response to gustatory signals. Similarly, anticipatory activity does not require a sense of taste or smell as it forms normally in anosmic rats 74 and following lesions to the olfactory bulb. 75 Likewise, the magnitude of the phase delays of anticipatory activity is influenced by caloric intake, 76 while the volume of food has no effect on dopamine release 77 and is insufficient to promote FAA. 76 Fats and sugars are capable of producing food anticipation in rats 78 and are sufficient alone to cause dopamine efflux in the dorsal striatum.
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Just as described above for dopamine release, non-nutritive substances are insufficient to produce FAA, irrespective of quantity, taste or texture. 80 Both nigrostriatal-dependent behaviours 81 and FAA 80 can occur in ad libitum fed animals in response to a palatable nutritive snack, but are most effective after partial food restriction. Given that the neural and molecular substrates that control FAA remain poorly defined, could mechanistic insight be derived from examining the pathways that recruit dorsal striatum circuitry in response to feeding? Given that fats and sugars are potent activators of dopamine release in the dorsal striatum and promote FAA, we hypothesize that neural and humoral pathways activated in response to fat and sugar ingestion that release dopamine in the dorsal striatum may also be required to produce FAA. Therefore, we first review fat and sugar sensing in the gut, before discussing evidence for these pathways in dorsal striatum dopamine release and assess the role of these mechanisms for the development of FAA. Importantly, this is not meant to be an exhaustive review of lipid and carbohydrate signalling (for more detailed overview see) 82 but rather to provide a guide to putative signals and pathways that might initiate FAA. We then examine the evidence for these mechanisms in dopamine release and FAA formation.
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Dark phase Light phase F I G U R E 1 Hypothetical dorsal striatum dopamine oscillations depending on food availability. A, Phasic dopamine in fed ad libitum conditions with equal amplitude and frequency throughout the day. B, In animals with restricted access to food, dopamine levels rise after consumption of caloric intake in light-phase meal 56 . We predict based on evidence that rewards prolong dopamine oscillations 66 that phasic dopamine continues but with reduced amplitude, reaching a nadir prior to a meal
| Nutrient sensing pathways
The sight, smell or taste of palatable foods, particularly those high in fat and sugars, are potent rewards 54 that promote food consumption-even in the absence of need. In addition, the gut acts as a surveillance system, sensing the presence or absence of nutrients in the lumen. 83 Enterocytes, specialized enteroendocrine cells, microbiota and afferent terminals in the gut all include the necessary machinery to sense the types or volume of nutrients ingested. This offers a highly complex and redundant mechanism to sense the full range of ingested nutrients. This information is conveyed to the brain by three different pathways: humoral, vagal or spinal routes. Here, we briefly review the pathways recruited specifically in response to dietary sugar ( Figure 2 ) and fats ( Figure 3 ). In the absence of nutrients, the gastrointestinal hormone ghrelin is released from specialized enteroendocrine X/A cells in the stomach. In response to a meal, gastric distension alone is not sufficient to inhibit ghrelin release. Instead, the ingestion of either fats or carbohydrates individually is sufficient to inhibit ghrelin synthesis, 84 in a process that requires gastric emptying. 85 The role of ghrelin in feeding remains unclear. Although originally hypothesized to predict the arrival of food, recent studies indicate that activation of circulating ghrelin requires acylation by the enzyme ghrelin O-acyltransferase (GOAT) in response to dietary fats. 86 Irrespective, ghrelin is a circulating factor that is directly modulated by fat and sugar intake (Figures 2 and 3 ) and may play a role in FAA. Conversely, gastric distension is a process that is insensitive to nutritive value 87 . Mechanosensitive vagal afferent fibres of the stomach are modulated by gastrointestinal hormones and nutrients, 88 but the functional significance of this modulation remains to be determined.
Intestinal lipid infusions rapidly and potently reduce food intake in a number of different mammalian species. 89 Fats are predominantly digested in the duodenum, with long-and medium-chain fatty acid products sensed by several deorphanized G-protein-coupled receptors on enteroendocrine cells throughout the length of the small intestine. These receptors include GPR40 (renamed FFAR1), which is responsive to medium-and long-chain fatty acids, 90 GPR41 (renamed FFAR3) and GPR43 (renamed FFAR2), responsive to shortchain fatty acids, and GPR120 (renamed O3FAR1), responsive to omega-3 fatty acids. 91 jejunum. 101 Exogenous OEA acting through the peroxisome proliferator-activated receptor-α (PPAR-α) suppresses food intake. 77, 102, 103 The mechanism for OEA-induced satiation is questionable 103 but may possibly involve a mechanism requiring intact sensory vagal fibres. 77, 102 Finally, excess fats are stored for future use in adipocytes and the level of fat storage in adipose tissue is communicated to the brain by release of the adipokine leptin. Therefore, dietary lipids directly release a number of gastrointestinal hormones, but information is predominantly communicated to the brain by a vagal afferent route or more indirectly by leptin.
Carbohydrates trigger the release of gastric leptin from chief cells of the stomach. 84 Gastric leptin levels fluctuate in response to a meal and make up 20% of circulating leptin. 104 In the small intestine, carbohydrates are sensed by enteroendocrine cells using similar machinery to that found in the oral cavity to detect sweetness, a heterodimer of two G-protein-coupled receptors, T1R2 and T1R3. 105 Sweet sensing results in secretion of glucagon-like peptide-1 (GLP-1), peptide YY (PYY) and gastric inhibitory polypeptide (GIP) from enteroendocrine cells. 106 These incretins perform both functions of regulating insulin release from pancreatic B cells 106 
| Conditioned reward recruitment of nigrostriatal dopaminergic system and FAA
Rats can form normal FAA in response to a meal in the absence of sight or taste; therefore, these senses are not necessary. However, it remains unclear if in animals capable of forming conditioned preferences (ie not blind or anosmic) these cues are sufficient for FAA. 24 Given that dopamine release in the dorsal striatum is required for conditioned learning, 112 it is plausible that once a conditioned preference is formed to the food cues (ie smells and/or sounds), these would be sufficient to maintain normal FAA in the absence of food (unconditioned stimulus). signalling prevent dorsal striatal dopamine release, at least in response to post-ingestive dietary fats in mice. 77 Unpublished data from our laboratory suggest that stimulation of the vagus nerve is sufficient for dopamine release in the dorsal striatum. The consensus in the field is that the vagus nerve is not involved in regulating FAA. 24, [113] [114] [115] This is based on a study showing anticipatory activity persists after vagotomy. 116 However, bilateral vagotomy did increase the duration of FAA, 116 which could be interpreted as an impaired estimation of mealtime caused by reduced accuracy of timekeeping. In addition, the animals were maintained on a previously learned time schedule after bilateral vagotomy. 116 Therefore, while learned FAA can persist after bilateral vagotomy, it remains unknown whether anticipatory activity would track a phase shift in the absence of vagal signalling. Finally, It should also be noted that carbohydrates may activate a nigrostriatal circuit, at least in part via a non-vagal pathway; 117 therefore, vagotomy may be insufficient alone to prevent FAA in response to a mixed meal. In sum, it may be premature to altogether rule out a role for the vagus nerve as a pathway for conveying food entrainment information to the brain. Interestingly, vagal afferent neurons express clock genes that oscillate throughout the day. 118 These clock gene rhythms are maintained when animals are kept in constant darkness for 3 days, 118 suggesting that they may not be entrained by light. However, the animals were only maintained in constant darkness for 3 days in this study; therefore, it remains possible that vagal clock genes are under the control of dampened, but persisting, clock gene oscillations in the SCN. 119 Importantly, clock gene rhythms in vagal afferent neurons persist in food-restricted animals, 118 so while vagal clock oscillation may be entrained by food, they are self-sustained. Despite these intriguing findings, the role of clock genes in vagal afferent function remains unclear. Vagal afferent mechanosensitivity correlates with fluctuations in clock genes; 118 however, the two may not be directly linked as chronic consumption of high-fat diet inhibits mechanosensitivity in obese mice without any impact on clock genes rhythm. 120 It would be particularly interesting in the context of FAA to determine the role of clock genes in vagal sensing of nutrients and gastrointestinal hormones.
| VAGUS NERVE CONTROL OF NIGROSTRIATAL DOPAMINERGIC SYSTEM AND FAA
In diet-induced obesity, dopamine release in the dorsal striatum and dopaminergic-dependent behaviour are reduced in response to dietary fat. 77 Similarly, FAA is abolished in diet-induced obese rats 121 and in obese-prone mice fed a chow diet. 122 The mechanisms by which obesity disrupts FAA are not clear. SCN lesions result in a small but significant increase in body weight and intake during the light phase, 123 and circadian activity is disrupted in diet-induced obesity; 124 thus, diet-induced obesity may disrupt the master clock in the SCN. Examining FAA in SCN-lesioned obese animals would provide valuable insight. Alternatively, leptin resistance in obesity, characterized by reduced leptin signalling, 125 may disrupt FAA.
Genetically obese Zucker rats that lack functional leptin receptors 126 and ob/ob mice that lack leptin 127 both have increased duration of FAA compared to their wild-type counterparts. Leptin replacement therapy in ob/ob mice abolishes FAA, 127 but leptin replacement also causes weight loss. 128 Therefore, whether changes in FAA are mediated by obesity or loss of leptin signalling remains unclear. An untested possibility is that FAA is disrupted in diet-induced obesity as a result of blunted vagal signalling. In obesity, the excitability of vagal afferent neurons is decreased, 129 sensitivity to meal-related signals (ie gastric distension) 129, 130 or gastrointestinal hormones 129,131 is diminished, and activity of post-synaptic neurons in the caudal hindbrain is reduced in response to a meal. 132, 133 In support of a role for the vagus nerve in obesity-induced loss of FAA, dorsal striatum dopamine release is inhibited in response to chronic dietary fat. 77 Conversely, exogenous administration of OEA peripherally restores dopamine signalling via a vagal-dependent mechanism in obese mice. 77 
| NEUROENDOCRINE CONTROL OF NIGROSTRIATAL DOPAMINERGIC SYSTEM AND FAA
As discussed in previous reviews, 73, 134 circulating gastrointestinal hormones could be involved in synchronizing food availability with foraging when access is restricted. The evidence for circulating hormones regulated by food intake in FAA is inconclusive. A full complement of gastrointestinal hormone receptors is expressed on dopamine neurons in the substantia nigra, suggesting that they are capable of receiving signals about metabolic state from circulating factors. In this section, we therefore discuss the role of hormones released from the gut in response to dietary fats and sugars in FAA and any evidence that they can activate a nigrostriatal pathway.
| Ghrelin
Ghrelin is a key gastrointestinal hormone capable of increasing food intake 135 and is therefore an ideal candidate for signalling anticipation of food. The eating-stimulatory effect of exogenous ghrelin does not require intact abdominal vagal afferents, 136 suggesting that it may act via a humoral route. In an FAA paradigm, rats with restricted short access to food during the light phase have elevated plasma ghrelin levels 2 hours prior, peaking 30 minutes prior to food becoming available. 137, 138 Plasma ghrelin levels in non-restricted rats that anticipate a palatable snack DE LARTIGUE AND MCDOUGLE are also elevated at time of eating compared with chow-fed control rats. 139 Importantly, central injection of exogenous ghrelin increased, whereas ghrelin receptor antagonist decreased, the anticipation to the palatable snack, 139 suggesting that central ghrelin is important for food anticipation.
Studies from global knockout mice lacking ghrelin or ghrelin receptor have shown mixed results ranging from no effect, to attenuated FAA, to complete loss of FAA. 73 The fact that ghrelin receptor is widely expressed in a number of neuronal subpopulations associated with appetitive 140 or satiety 141 function makes it difficult to interpret these results.
There is evidence that ghrelin can directly activate a nigrostriatal dopaminergic pathway. In slice preparations, ghrelin receptors (GHSR) are expressed in the substantia nigra pars compacta, and ghrelin increases the firing rate of these dopaminergic neurons resulting in increased dopamine release in the dorsal striatum in vitro. 142 Peripheral administration of ghrelin results in increased dopamine turnover in the dorsal striatum and increased impulsivity, 143 a behaviour that requires an intact dorsal striatum. 144 A direct role of nigrostriatal ghrelin signalling in FAA, by means of conditional ghrelin receptor knockdown, still needs to be tested. However, ghrelin has been implicated in activating a mesolimbic dopaminergic pathway to promote feeding. 145 It has been suggested that mesolimbic circuit activation would prevent inhibition of downstream nigrostriatal circuits required for feeding, 56 and therefore, ghrelin may at least indirectly impact nigrostriatal feeding control.
| Leptin
Leptin has been implicated in FAA. Leptin levels rise in response to a meal, 146 and in rats maintained on a restricted feeding schedule, leptin levels increase in response to the meal. 147 Genetic animal models lacking leptin signalling have increased activity on a restricted schedule. 126, 127 It is difficult to determine from these experiments whether leptin itself, or the resultant obesity, affects anticipatory activity; however, there is evidence in lean animals that systemic administration of leptin reduces pre-meal activity when placed on a food-restricted schedule. 148 Whether gastric leptin, adipose leptin or both are required remains unclear, but increases in circulating leptin after a meal are most likely a reflection of gastric leptin. Leptin receptors are widely distributed throughout the brain and periphery and therefore could impact the gutstriatal system at a number of different sites including the vagus nerve, 149 the nucleus tractus solitarius (the site of vagal afferent termination) 150 or the substantia nigra directly. Leptin receptor mRNA has been identified in the substantia nigra, 151 and protein immunoreactivity extensively colocalizes with dopamine neurons in the lateral and medial substantia nigra pars compacta. 152 Leptin receptor-deficient Zucker rats show decreased D2 receptor binding in the striatum. 57, 153 In human patients with congenital leptin deficiency, leptin replacement reduces neural activity in the dorsal striatum. 154 However, whether decreased dopamine in the dorsal striatum is an effect of leptin or obesity remains unclear, and the role of nigrostriatal leptin signalling on food intake still needs to be clarified.
| Insulin
Insulin levels increase after a meal in proportion to circulating glucose levels. Under a restricted feeding schedule, insulin concentrations are lowest prior to mealtime and peak immediately prior to the meal. 155 A role for insulin in FAA is not clear as pharmacological ablation of insulinproducing beta cells in mice does not prevent induction of food anticipatory activity. 156, 157 Insulin receptor extensively colocalizes with dopamine neurons in the lateral and medial substantia nigra pars compacta. 152 Insulin increases firing of dopamine neurons in midbrain slice preparations, and this is abolished in slices from mutant mice selectively lacking insulin receptor on dopamine neurons. 158 Insulin promotes dopamine release predominantly in the ventral striatum with only a small increase in the dorsal striatum, 159 although it is interesting that insulin sensitivity increased in slices from foodrestricted rats. 159 Daily food intake in mice lacking insulin receptor in midbrain dopaminergic neurons is increased compared to controls, 158 suggesting that insulin acts directly on dopamine neurons to inhibit feeding. It is interesting to note that insulin injection into the ventral tegmental area (VTA) decreases FAA in mice on a scheduled feeding regimen in which food was restricted to the light phase; 160 however, the specific role of insulin on nigrostriatal dopamine-induced feeding behaviour has not been studied.
| Pyy
The role of PYY in FAA has not yet been studied. However, there is evidence that PYY can act on the nigrostriatal pathway. PYY receptor binding sites can be found in the substantia nigra pars compacta, 161 and in vitro stimulation of brain slices with PYY3-36 increases dopamine production. 162 Peripheral administration of exogenous PYY3-36, at levels similar to those reached in response to a meal, increases blood oxygen level-dependent (BOLD) activity in the dorsal striatum of human subjects 109 and c-Fos expression in the dorsal striatum of rats. 163 Therefore, PYY can recruit the dorsal striatal dopaminergic pathway; however, whether this occurs physiologically in response to a meal remains unclear.
| CONCLUSION
The acquisition of food is a necessity for survival. Therefore, there must be a delicate balance between eating and performing other important tasks. In this context, the idea that a food can be both satiating and rewarding at the same time is critical. Although rewards are often associated with enhanced motivation, they can also be used as a predictive cue for learning about the appropriate value of the stimulus. Here, we suggest that satiation, reward conditioning and anticipatory activity all occur simultaneously in response to the same stimulus. Satiation allows the animal to engage in other activities, conditioned reward ensures that the animal will preferentially consume caloric nutrients when available, and anticipatory activity ensures that the animal is able to predict the time and place of food. Given the importance of finding food, the existence of a separate oscillator that can be dissociated from circadian cycles to promote food acquisition would provide an evolutionary advantage. The site of the food-entrainable oscillator remains unclear; however, dorsal striatum dopamine release exhibits all the necessary hallmarks of a secondary food-entrainable oscillator: (a) phasic dopamine release is entrained by nutritive foods, (b) this can occur in the absence of the SCN, (c) dopamine release reinforces the arrival of reward, (d) it is involved in timekeeping, and (e) the metabolic signals that promote food anticipation greatly overlap with those that release dopamine in the dorsal striatum. Therefore, we propose that nutrient reward acts as a zeitgeber. It recalibrates dorsal striatum dopamine release to predict the arrival of rewarding food even outside of normal circadian cues, by increasing the ultradian cycle from 4 hours to 24 hours. As the dopamine levels drop, this increases the activity of the animal and the anticipation for food arrival. Future work reversibly inhibiting the nigrostriatal dopamine system under a food-restricted schedule will be required to confirm the role of dorsal striatum, rather than ventral striatum, dopamine in FAA.
The entrainment mechanisms by which nutritive information is communicated to promote FAA when food is restricted to one daily mealtime remain poorly understood. By examining the pathways through which metabolic signals are relayed to the dorsal striatum, we suggest a putative role for ghrelin, PYY, insulin, leptin and the vagus nerve as mechanisms of food anticipation. Each signal on its own may be sufficient to synchronize dopamine oscillation with food arrival, but may not be required because of the inherent redundancy in signalling pathways. Given the importance of accurately predicting food availability for survival, compensatory overlapping signalling mechanisms would confer an evolutionary advantage.
Importantly, if FAA is under the control of dopamine oscillations, the timing of the signal in relation to the meal may not be a critical component. A drop in phasic dopamine levels in the dorsal striatum, entrained to peak just before, during or after the start of a meal, could be sufficient to increase motivation to search for the anticipated arrival of future food. In support of this concept, under ad libitum conditions, dopamine levels are maintained by animals eating each time dorsal striatum dopamine levels drop. 56 Oscillations generated during food-restricted schedule could therefore continue in the presence of ad libitum food, but only elicit anticipatory motor activity when a nadir in dopamine oscillations is reached after a sufficient period of food restriction ( Figure 1) . Importantly, uncertainty caused by dysregulation of dopamine signalling may provide a critical mechanistic link between the gut and the brain in stress 164 and neurodevelopmental disorders such as autism. 104 Therefore, further study of this system in the context of anticipation is warranted and may provide novel mechanistic insight for improving treatments for many pathological conditions.
